Belgium were studied with a new methodological concept. The Vadose Zone Experimental Setup (VZES) combines a vadose zone monitoring system (VMS) with cross-borehole geophysics. The VMS provides continuous chemical and 15
Introduction
Understanding flow and contaminant transport underneath industrial contaminated sites requires technologies that provide hydraulic and chemical information across the entire vadose zone area. Recent developments have adapted instrumentation initially designed for agricultural applications, allowing installation beneath shallow depths (<2m) in materials other than unconsolidated (Hubbell et al., 2002 . The most commonly used instrumentation includes water content 5 sensors such as Time Domain Reflectometry probes (TDR), suction cups for pore water sampling and tensiometers for water pressure measurements (Hubbell et al., 2002 , Dahan et al., 2009 ). However, continuous developments provide alternative methods that aim to improve the quality of measurements. For example, Blonquist et al. (2005) proposed Time Domain Transmissometry sensors (TDT) as an alternative to TDR to reduce signal attenuation.
Implementation of sensors in deeper sections of the vadose zone are usually achieved by attaching them to the side wall of 10 uncased vertical and slanted boreholes (e.g., Burns et al., 2000; Gee et al., 2003; Hubbell et al., 2002; Flint et al., 2000; West and Truss, 2006 ). An alternative method of installation is provided with the Vadose Zone Monitoring System (VMS) (Dahan et al., 2003) . The insertion of a flexible sleeve containing flexible TDR probes (FTDR) and vadose sampling ports in to a slanted borehole ensures maximum contact between probes and undisturbed soil (Dahan et al., 2009; Rimon et al., 2011 ;
Experimental site
The study area is located in the northern flank of the Mons Basin, which is a large east-west oriented syncline in the southwest of Belgium (Fig. 1) . The geology of the basin consists of a succession of Mesozoic and Cenozoic deposits in discordance over a Paleozoic basement (Marlière, 1977; FPMS, 2000) . Specifically, it covers the base of the Cretaceous chalk deposits. At the top, heterogeneous chalk levels from the St. Vaast and Maisières formations are encountered. These 5 lithologies are underlined by levels of silex and chalk (Silex d'Hautrage formation), marking the transition to marl deposits containing chert nodules from the Ville-Pommeroeul formation (Marlière, 1977; FMPS, 2000; Dassargues and Monjoie, 1993) .
The experimental setup is located over the Cretaceous chalk aquifer, which is phreatic and shallow at the area of interest and is encountered at depths ranging from 6 to 15 m. The chalk is usually characterized by a dual-porosity and dual-permeability 10 structure (Dassargues and Monjoie, 1993; Brouyère et al., 2004) . The chalk matrix has a strong storage capacity with a large total porosity (30-50%) and relatively low hydraulic conductivity (5.10 -8 to 5.10 -10 m/s). The fractures developed in the chalk rock contribute to the aquifer aptitude of the rock, with low associated porosity (0.5 % according to Barker and Wright, 2000) and larger hydraulic conductivity (5.10 -5 to 2.10 -3 m/s) (SPW, 2010) . Preliminary studies focusing on detection and characterization of chalk fractures at the study site were particularly challenging as they are quite heterogeneous, soft and 15 humid. Therefore, fractures could not be characterized with conventional methods.
At the scale of the study site, groundwater flows from north to south (FPMS, 2000) , although local fluctuations towards NW-SE directions have been observed (Fig. 1) . The groundwater table is located at 8 m below ground surface, with seasonal variations of up to 3 m.
Soil and groundwater pollution 20
The study area is located at a former industrial site which was active from 1928 until 1997. Coal production and elaboration of by-products coming from coal distillation were the main activities around the area (SPaQuE, 2008) . The legacy of such activities led to heavy soil and groundwater contamination. Results from a soil sampling survey carried out in 2011 indicate contaminated soils with PAH and heavy metals at the area where the experiment takes place. Groundwater sampling campaigns performed between 1996 and 2014 indicate groundwater contamination by cyanide, inorganic compounds 25 (sulfate, ammonium, chloride, nitrite, and nitrate), BTEX, PAH and heavy metals.
The Vadose Zone Experimental setup (VZES)
The VZES integrates two different elements: a slanted borehole containing a VMS and vertical boreholes designed for crossborehole geophysical measurements. A map showing the location of the VZES is shown in Fig. 1 .
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The Vadose Zone Monitoring System (VMS)
The VMS is designed to provide in situ continuous measurements of the hydraulic and chemical properties of the percolating water across the entire unsaturated zone, from land surface to the water table. Technical descriptions of the VMS structure, performance and installation procedures have been previously presented in other publications (Dahan et al., 2009 (Dahan et al., , 2014 Rimon et al., 2011; Baram et al., 2012 Baram et al., , 2013 Turkeltaub et al., 2014) . To avoid overloading the present manuscript with 5 technical information, only a brief description is presented here. In general, the VMS allows attachment of customized monitoring units to the side wall of an uncased small-diameter (150 mm) slanted (35 o ) borehole. It is composed of a flexible sleeve hosting multiple monitoring units along its length in the desired distribution (Fig. 2) . Slanted installation ensures that each monitoring unit faces an undisturbed sediment column that extends the monitoring unit to land surface. In the borehole, the flexible sleeve is filled with non-shrinking cement grout to ensure sleeve expansion for proper attachment of the 10 monitoring units to the borehole's irregular walls, sealing its entire void and preventing potential preferential flow along the borehole.
Each monitoring unit has a flexible time domain reflectometry sensor (FTDR) for continuous measurements of sediment water content, and vadose zone sampling ports (VSPs) for frequent collection of pore water samples from the partially saturated sediments. The FTDR probes are based on the modification of Acclima TDT moisture sensor (Acclima) which was 15 adopted for operation with flexible wave-guides (Dahan, 2003) . Each sensor was calibrated individually prior to the installation to ensure linear correlation to varying moisture content values (average R 2 = 0.97). The volumetric water content, interpreted from the sediment permittivity, was measured and recorded on hourly base.
The VSP are made of customized flexible porous interface which allows creation of hydraulic continuity between the sediment pore-water and an inner sampling cell (Dahan, 2009) . The physical mechanism that allows sampling the vadose 20 zone pore water by the VSP is similar to standard tensiometers (suction lysimeters). Nevertheless, its flexible structure allows its application in boreholes of irregular diameters or hard rocks.
Geophysical monitoring system
To complete the information provided by the VMS, a geophysical method is used to characterize the structure of the subsurface in different directions. This technique allows detection of heterogeneities in the subsurface and broadens the 25 covered area of the study site. In order to define the main lithological structures in the vadose zone of the study area, crosshole ERT techniques are applied. Such methodology requires electrode arrays installed in two or more boreholes. The electrodes are supplied with a known electric current. Some electrodes act as current electrode dipoles and others as potential measuring dipoles (Daily et al., 1992; Binley et al., 2002) . By measuring the potential differences between pairs of electrodes, electrical resistivity data can be inferred (Kearey et al., 2002) . Subsequently, the data is processed and inverted. 30
As a result, a two dimensional image of the subsurface is obtained; such image can be used to detect subsurface heterogeneities (Slater et al., 2000) .
Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016 Discuss., doi:10.5194/hess- -79, 2016 Manuscript under review for journal Hydrol. Earth Syst. Sci. The electrodes were assembled and prepared prior to drilling operations. A single electrode consists of a stainless steel ring attached to a PVC tube (Fig. 2) . A cable is run up from the electrode to the surface (Slater et al., 2000) . Four vertical boreholes were drilled on site with a length of 15 m each and an external diameter of 4 inches. Each of the four boreholes installed on site were equipped with 24 electrodes with a spacing of 0.60 m. Upon drilling of each borehole, a 2 inch diameter PVC tube containing the assembled electrodes was inserted in the borehole. Subsequently, the borehole was filled 5 with a mixture of 25 Kg of bentonite and 12.5 Kg of cement. Such proportion was chosen so that the resistivity values of the mixture would not differ significantly from the values of background resistivity (10-60 ohm.m).
The site was also equipped with additional piezometers installed for groundwater studies (Fig. 1) . A meteorological station (WS-GP1, Delta Services Ltd) was installed 220m NW of the site to measure wind speed and direction, relative humidity, air temperature, rain and solar radiation on an hourly basis. CTD divers were installed in 4 piezometers with the aim of 10 monitoring groundwater levels.
Results and discussion

Lithological characterization of the vadose zone
Geophysical images are first used to characterize the main lithological structures and heterogeneities of the vadose and saturated zones (Fig. 3 ). Measurements were carried out in pairs of boreholes with a bipole-bipole array. Six tomographic 15 images were acquired between G1-G2-G3-G4, allowing subsurface imaging in different directions. Several areas are distinguished as a function of bulk electrical resistivity variations. The presence of more resistive areas around the boreholes indicates obvious artifacts produced by the borehole annular space filled with bentonite and cement (Deiana et al., 2011) .
However, such artifacts do not hinder the interpretation or imaging between boreholes, as it may occur when very saline water is present (Deiana et al., 2011) . A geological log, as interpreted from borehole logging, is shown next to the 20 tomographic model and displays fair correlation in terms of lithological zonation. Six main units can be distinguished in the electrical tomographic images (separated by dashed lines in Fig. 3 ).
The upper backfilled area is characterized by low to middle resistivity values, caused by the presence of abundant pore spaces and fluids (Campbell and Bristow, 2009 ). The lateral extent of this layer is not continuous; when it is present, thicknesses vary from 0.5 to 1 m. Underneath, there is a heterogeneous layer of variable thickness and higher resistivities, 25 corresponding to silts and sands. With increasing depths, the presence of chalk materials becomes more evident and resistivities are lower. At a depth of 4 m, an abrupt change in resistivity is marked by the presence of an accumulation of silexes, which are highly resistive in contrast to the chalk. Such values are detected at the same depth ranges in all measured directions, indicating that it extends laterally. At the basis of the silex layer, clay is also present, as both deposits are produced from chalk dissolution (Laignel et al., 1998) . The presence of clay and chalk materials from 5 to 11 m depth is 30 marked by lower resistivities. Such values are produced due to the existence of electrical charges on clay surfaces that lead to Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016 Discuss., doi:10.5194/hess- -79, 2016 Manuscript under review for journal Hydrol. Earth Syst. Sci. higher electrical conductivities (Al Hagrey et al., 2005) . Increases in resistivity at 11 m depth are produced by the presence of marl layers. At the time of data acquisition, the groundwater table was located at 7 m below ground surface.
Infiltration processes
Water flow dynamics along the vadose zone profile
Continuous monitoring of the vadose zone shows temporal variations of water content which are mostly related to rain 5 events (Fig. 4) . Infiltration of water across the vadose zone occurs through fast rises in rock water content, within a short delay with respect to infiltration episodes. The frequency and quantity of rainfall events control water content fluctuations over long term periods. However, on the first period that followed the VZES installation ( During this event, water content increases instantaneously in the backfill (0.2 m). At this moment, water infiltrates through the backfill macropores and is transmitted through connected voids under the effect of gravitational forces. After rainfall stops, drainage occurs in two steps. During the first phase, there is a fast decline in water content due to macropore drainage.
In the second phase, water decreases gradually as smaller pores are draining (Guebert and Gardner, 2000) , as can been seen 25 by the water content decay at 0.2 m.
In the silts (1.12 m), a fast increase in water content is also registered. Such rapid change is indicative of preferential flow, where water is transmitted to underlying materials by gravity forces (Gerke et al., 2010 , Baram et al., 2012 . However, not all the water is infiltrated via preferential flow. During the percolation episode, matrix pores are also filled with water. Once the rainfall event stops, water content decreases gradually. Such slow transition occurs as water drains from the matrix pores. 30
The effect of the rain episode in the silts and chalk (1.58-3.62 m) is expressed in the form of sharp changes in rock water content. Water transmission to underlying materials occurs almost instantly, as indicated by the short delay between water Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016 Discuss., doi:10.5194/hess- -79, 2016 Manuscript under review for journal Hydrol. Earth Syst. Sci. Below the layer of silex (5.01 m), matrix flow is predominant, as reflected by gradual changes in rock water content over time. The low hydraulic conductivity of clays might buffer the transmission of infiltrated water to underlying levels. At 6.48 m, increases in water content are registered during periods of high groundwater elevation. This trend implies that the zone is 5 temporary influenced by the capillary fringe area, and eventually reaches saturation.
Influence of geology and spatial variability on water flow dynamics
Given the information provided by the VMS setup on water flow dynamics in the vertical direction, it is clear that the flow mechanisms are strongly influenced by the type of lithology in the subsurface. Such relationship has been already demonstrated by e.g. Gates et al. (2014) , where lithologic influences on recharge rates were observed during field 10 experiments performed at local and regional scales. The spatial distribution of geological materials observed from geophysical imaging allows identifying which water flow mechanisms are likely to occur during infiltration episodes.
Tomographic images of the vadose zone taken in different directions reveal a heterogeneous distribution of deposits across the first 4 m of the vadose zone (Fig. 5) . In the NW-SE direction (G1-G2 and G3-G4), the presence of backfill and sandy materials is significant, as reflected by intermediate resistivity values. Such distribution is also observed in the E-W direction 15 (G3-G2). Therefore, macropore, micropore and matrix flow are likely to be the main water flow mechanisms during infiltration episodes. However, such deposits are not as present in the NE-SE direction (G2-G4 and G3-G1) and in the N-S direction (G1-G4). Instead, low resistivity values are registered, which are caused by the dominance of chalk over silt deposits. Such low values might be caused by the presence of fractures and wet materials from preferential flow mechanisms. 20
Hydrochemistry of water across the vadose zone
Water samples from the vadose zone were obtained periodically at different depths and analyzed for major elements by capillary electrophoresis. Temporal evolution of Na + , SO 4 2-as Ca 2+ was assessed, as they were detected systematically.
HCO 3 -is monitored as well, as it is dominant in shallow groundwater (Deutsch, 1997) (Fig. 6 ). The first period (July 2013-January 2014) is characterized by anomalous fluctuations in ion concentrations. At this time, the vadose zone was still 25 disturbed by the installation of the experimental setup. During the second period (March 2014-January 2015) the chemistry across the vadose zone evolves towards more constant concentrations over time. At this time it is considered that the vadose zone had returned to natural conditions. Results and discussion will focus on this latter period.
Continuous monitoring of the chemistry of vadose zone waters indicates a chemical evolution that is influenced by flow mechanisms, rock water interactions and recharge conditions. 30
In the upper part of the vadose zone (down to 1.58 m), calcium-magnesium-bicarbonate facies is dominant (Fig. 6a) . Such chemical composition is typical of recharge conditions, where meteoric water interacts with soil components (Hall and Turk, Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016-79, 2016 Manuscript under review for journal Hydrol. Earth Syst. Sci. 1975; Ophori and Tóth, 1988) . In this area, water is not highly mineralized, as the soil is continuously washed out by successive infiltration episodes. However, during low recharge periods, the chemistry of water within the matrix pore might change, as observed in April and July 2014 (Fig. 6a and 6b) . The residence time of water is higher, allowing the possibility of ion exchanges within the matrix.
The chemistry of water at greater depths of the vadose zone is controlled by water flow mechanisms. If preferential flow 5 mechanisms are dominant, chemistry remains typical of recharge waters. This is the case of water sampled at 2.04 and 2.96 m (Fig.6b) . However, if water flows through the matrix, chemical facies are no longer controlled by recharge waters:
instead, calcium-magnesium chloride-sulfate facies are dominant (Fig. 6b and 6c ). This chemical composition is typical of waters with long residence times (Macpershon and Townsend, 1998) as they are held in matrix pores. At this point, a change in the chemistry is reflected by an increase in SO 4 2-concentrations. Such change might be a consequence of reactive 10 processes occurring across the vadose zone. In order to understand which minerals might be present and reactive across the vadose zone, mineral saturation indexes (SI) are calculated with the following Eq. (Deutsch, 1997):
15
Where is the ion activity product and is the equilibrium constant of a mineral. It is considered that the mineral is likely to be present when SI ranges between -0.5 and 0.5. While such calculations cannot confirm if the mineral is actually present, they can indicate if such mineral would have a tendency to precipitate or to be dissolved, if present (Carlsson et al, 2003) . Results from calculations show that saturation indexes of sulfate minerals (gypsum) increase from 2.98 m depth, indicating SO 4 2-production (Fig. 7) . While gypsum has not been found in soil and core samples, sulfide minerals such as 20 pyrite are present, especially in the backfill. When pyrite is oxidized, the primary effect of pyrite oxidation is an increase of SO 4 2-concentrations (Larsen and Postma, 1997) . Therefore, it is likely that the production of SO 4 2-from 2.98 m to greater depths is a consequence of pyrite oxidation and leaching through the vadose zone.
Heavy metal contamination in the vadose zone
Previous to installation of the VMS, soil and groundwater sampling campaigns were carried out for preliminary studies. 25
Heavy metals such as As, Cd, Cr, Co, Cu, Hg, Ni, Pb and Zn were analyzed. In the soil, concentrations over background values were found for all analyzed metals except for Co and Pb, which were not observed. In groundwater, As, Cr and Cd reached concentrations over background values, whereas Ni was found in higher concentrations (exceeding threshold values).
Based on results from preliminary studies, total concentrations of Ni, As, Cd and Cr were analyzed in samples collected from 30 the VMS by inductively coupled plasma (ICP). Due to the limited availability of pore water volumes in certain zones of the vadose zone profile, analysis were made on samples retrieved at three depths (0.66, 2.80 and 6.94 m). From the selected Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016 Discuss., doi:10.5194/hess- -79, 2016 Manuscript under review for journal Hydrol. Earth Syst. Sci. Published: 8 March 2016 c Author(s) 2016. CC-BY 3.0 License. metals, Ni is the only one detected systematically, at concentrations often exceeding threshold values. Therefore, it is assumed that As, Cr and Cd are sorbed in soil, whereas water across the vadose zone is polluted with Ni.
From September to December 2013, high concentrations of Ni were registered in the backfill (Fig. 8) . This is the first recharge period that followed the VMS installation. Ni percolation across the vadose zone is reflected by a sequential increase of concentrations at 2. The significant differences in water flow and chemistry encountered at different depths and directions in the vadose zone are clearly influenced by heterogeneity. Understanding spatial variability of the subsurface is essential, as it affects the transport and times of residence of certain contaminants. Therefore, based on the results from the studies, it can be concluded that the implementation of the VZES could be a useful tool to improve protection and remediation plans for soil and groundwater, as the information that it provides can significantly contribute to the development of more detailed site conceptual models. 30
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as tracer test were performed directly on top of these sensors. Results from these tracer tests will not be discussed here.
Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016 Discuss., doi:10.5194/hess- -79, 2016 Manuscript under review for journal Hydrol. Earth Syst. Sci. 
